We propose a strategy to identify the complementarity or substitutability among technology bundles. Differences between the observed distribution of technology choices can be subjected to statistical tests. Combinations of technologies that occur with greater frequency than would occur under independence are complementary technologies.
Introduction
Complementarities among new technologies lead to rising returns to innovation and the incentive to adopt multiple technologies. Several studies have examined possible complementarity between technologies using the sign and significance of the effect of technology interactions on productivity (Dorfman, 1996; Stoneman, 2002; Caswell and Zilberman, 1985; Ichniowski, Shaw and Prennushi, 1997; Poppo and Zenger, 2002; and Carree,Lokshin and Belderbos, 2011) . All past empirical strategies have suffered the curse of dimensionality which forces the consideration of only a small number of possible technologies. If there are K distinct technologies, there are 2 K possible technology bundles from which to choose. For tractability, researchers have limited their analysis to only two or three of the K technologies, imposing independence between the included and excluded technologies. If independence is inappropriate, these studies will yield biased inference regarding the complementarity or substitutability of the technologies.
Given the potential importance of multiple technology adoption for explanations of growth, agglomeration, and innovation, we need tractable methods for evaluating higher dimensioned technology bundles. We propose a strategy that can accommodate any number of technologies. We illustrate the methodology in an analysis of joint choices of 6 technologies in the hog industry. Complementary bundles are composed of at least 3 technologies. Such highly dimensioned bundles lead to increasing returns to scale that can help explain the sharp increase in market share of large farms.
Identifying Whether Technology Bundles Are Complements or Substitutes
It appears intuitively appealing to assume that complementary relationships result in a positive correlation in adoption rates of the two technologies, while substitute relationships result in negative correlation. Nevertheless, the correlation between any two technology adoption rates can mislead if there is even one more technology potentially in the mix.
Our strategy builds from the realization that regardless of the number of technologies in the universe, we can construct an expected probability that any subset of the technologies will be adopted under a maintained hypothesis that all technologies are independent. We can then compare the actual probability that a randomly selected agent picks that technology bundle with the benchmark probability under independence. 
We can now define our baseline adoption rate for each of the 2 Under the null hypothesis of independence, the likelihood function for k p is
. Optimizing its log-likelihood equation with respect to k p yields the estimates
The probability of adopting a given technology k can be calculated by the frequency of its occurrence in the random sample under independence assumption: 
S. Hog Farms
We illustrate the performance of the test for mutual complementarity or substitutability among technologies using data from U.S. hog production. The industry 1 One could also consider applying a multinomial distribution to construct test statistics under the null hypothesis of independent technologies. However, one could only test for independence between technology bundles. Once we reject the null hypothesis that bundles are independent, as we did in the expanded version of this paper using a multinomial Log-likelihood ratio test (Yu et al, 2011, pp. 10, 16) , we cannot go further to test for evidence of substitutability or complementarity between specific technologies within each technology bundle. As that is the goal of this paper, the bootstrapping method proves more informative. has experienced rapid technological innovation over the last twenty-five years in the areas of nutrition, health, breeding and genetics, reproductive management, facilities, and environmental management (McBride and Key, 2003) . These technologies have been associated with improved feed efficiency, lower death loss, higher quality meat, more rapid weight gain, and other improved outcomes that raise farmer profits (Rhodes, 1995) .
Six technologies are included in our application: Artificial Insemination, Split Sex Feeding, Phase Feeding, Multiple Site Production, Early Weaning, and All In/All Out. The number of bundles that are observed significantly less often than would be predicted under independence declines over time, meaning that evidence of substitute bundles decreases over time. Depending on the year from 7-11% of the technology bundles were chosen significantly more frequently than they would under the independence null, implying the bundled technologies are mutually complementary. As shown in table 2, there are no 'two-technology' complementary bundles. Instead, complementary bundles most typically included 4-6 adopted technologies, and the bundles are increasingly likely to be mutually complementary as the number of bundled technologies increases. This interesting finding has implications for the substantial increase in the market share of very large hog farms over the same period. The productivity of the bundled complementary technologies is greater than the productivity of the technologies used in isolation. Because the technologies are expensive, the high dimensioned bundles were adopted by the largest farms. As a result, the largest farms had a productivity advantage compared to smaller farms using a smaller number of technologies. Hence, bundled complementary technologies were a source of increasing returns to scale in hog production at a time when small farms were exiting the market and large farms were becoming more common.
As noted in the introduction, previous methods employed to assess whether technologies are complements or substitutes were plagued by the curse of dimensionality which meant that most studies examined pairwise evaluations, effectively imposing independence between the analyzed technologies and those technologies excluded from consideration. As shown in table 3, pairwise evaluations assuming independence with all other technologies incorrectly implies that many paired technologies are complements when in fact, no pairs are complements when the presence of other technologies are considered. Furthermore, depending on the year, 20% to 47 % of the cases are found to be independent. None of cases are substitutes, in stark contrast to the implications when all technologies are considered jointly. Compared to the testing method that considers all six technologies jointly, the pairwise test yields the correct inference in only 13% of cases in 1995 and 2000 and in only 47% of the cases in 2005. In short, pairwise tests are prone to incorrectly assessing pairs as complements when they are not, and they fail to find substitute relationships in the cases where they occur.
Conclusion
This paper proposes a tractable statistical method to test for mutually complementary or substitute technologies. The method exploits the fact that profit maximizing producers will adopt technologies in groups if they are complements with greater frequency than would be predicted if the technologies were mutually independent.
This statistical method makes it simple and feasible to check the relationships between technologies which have high dimensional combinations.
Our method solves a series of problems in the current literature on technology adoption. Our method easily accommodates highly dimensioned technology bundles, side-stepping the curse of dimensionality that limited previous applications to only a very few technologies. The method allows for the simultaneous adoption of multiple technologies so that one need not presume some adoption decisions are exogenous or independent. These problems are shown to be particularly problematic in that the correlation between any two technology adoption rates, ignoring the existence of other technologies, may provide misleading inferences on whether the two technologies are complements or substitutes.
Applying the method to a data set that includes six technologies adopted by U.S.
hog farmers, we find that as the number of bundled technologies increases, they are increasingly likely to be complementary with one another, even if subsets are substitutes when viewed in isolation. Our findings also suggest that the complementarity among Note: Numerator is the number of complementary relationships found among bundles with n technologies using the 5% significance level. The denominator is the number of possible bundles with n technologies. We exclude one case in which no technologies are adopted and six cases in which only one technology is adopted as these do not naturally fit into 'substitute', 'complement' or 'independent' categorizations. However, we do include those 7 cases in table 1's summary of the number of cases that occur with greater, equal, or lesser frequency than predicted from independence. 
